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Complexite´-THeREx, Centre National de la Recherche Scientiﬁque, UMR5525, Universite´ Joseph Fourier, Grenoble, FranceABSTRACT The nanostructure of the ﬁbrin ﬁbers in ﬁbrin clots is investigated by using spectrometry and small angle x-ray scat-
tering measurements. First, an autocoherent analysis of the visible light spectra transmitted through formed clots is demonstrated
to provide robust measurements of both the radius and density of the ﬁbrin ﬁbers. This method is validated via comparison with
existing small-angle and dynamic light-scattering data. The complementary use of small angle x-ray scattering spectra and light
spectrometry unambiguously shows the disjointed nature of the ﬁbrin ﬁbers. Indeed, under quasiphysiological conditions, the
ﬁbers are approximately one-half as dense as their crystalline ﬁber counterparts. Further, although the ﬁbers are locally crystal-
line, they appear to possess a lateral fractal structure.INTRODUCTIONThe formation of the fibrin clot is one of the major processes
in blood coagulation, involving the polymerization of fibrin-
ogen monomers into a fractal network of randomly oriented
fibrin fibers. Fibrinogen is a centrosymmetric glycoprotein of
high molecular mass (¼ 340 kDa) that has a trinodular struc-
turex45 nm in length andx5 nm in diameter and a density
of x1395 g/cm3 (e.g., (1)).
The current understanding of this polymerization process is
described here. First, the enzyme thrombin cleaves the fibrino-
peptidesAandB fromfibrinogen,which leads to the formation
of half-staggered, linear protofibrils. These protofibrils subse-
quently aggregate into fibers of varying thicknesses that
depend upon the concentration of reactants and many other
external factors. Thanks to numerous studies since the
1930s, the detailed crystalline structure of the fibrinogenmole-
cule is now well known and a large body of knowledge exists
regarding its polymerization process. However, some impor-
tant aspects remain largely unknown, such as the detailed
nanostructure of the fibers, which is likely of particular impor-
tance for the mechanical properties of the clot. It is unclear
whether the nanostructure is crystallinelike (2,3) or mainly
random (4,5). The extent to which the nanostructure depends
on reactants and the experimental conditions is also unknown.
The goal of this article is to provide clear answers to the
above basic questions. An important step in providing these
answers is to gather reliable data about the internal structure
of these fibers. We will now briefly discuss the available
information regarding the structure of fibrin clots and the
tools most often used to study them.Turbidimetry and light scattering
Turbidimetry (also called ‘‘nephelometry’’) is one of the first
quantitative methods used to investigate the properties ofSubmitted February 5, 2010, and accepted for publication April 26, 2010.
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0006-3495/10/10/2018/10 $2.00blood clots. Early investigators used this method to observe
the increase in the optical density of clots as they formed.
Klinke (6,7) and Klinke and Elias (8) pioneered this tech-
nique in a series of articles published in the 1930s. Expand-
ing on these findings, Ferry’s work (9,10), which used
turbidimetry extensively, is the keystone of the modern
understanding of fibrinogen clotting. In its standard, modern
implementation, turbidimetry is understood as the recording
of the optical density of the clot at a single wavelength
(350 nm) (11,12). The quantitative link between the opacity
of the clot and its structural characteristics comes from the
seminal work of Cassasa (13) followed later by that of
Carr and co-workers (14–16). Carr and co-workers derived
formulas that allow the extraction of structural information
(radius and density) from clots scanned at many wave-
lengths. As we will show, while the fundamental concepts
of Carr’s work are valid, Carr’s analysis (14,16) needs
correction. More recently, several in-depth studies using
small-angle light-scattering (SALS) explored the structure
of fully formed or evolving clots (17–20). In particular, Ferri
et al. (18,19) investigated the clot’s microscale properties in
catalytic conditions, i.e., when the concentration ratio of
thrombin to fibrinogen is 1:100. They modeled the clot as
a fractal mesh, in agreement with recent results using alterna-
tive measurement techniques (11).Sizes of ﬁbers
The average diameter of fibrin fibers has been estimated
under varying conditions by means of turbidimetry (16),
electron microscopy (21–24), and light-scattering techniques
(17–19,25). Results show that the fiber width varies widely
with polymerization conditions, such as ionic strength,
amount of calcium, type of activating enzyme, and fibrin-
ogen and enzyme concentrations. Diameter measurements
estimated by means of turbidity or light-scattering data are
at least three times larger than the diameters seen in electron
microscope (EM) micrographs. Because electron beams aredoi: 10.1016/j.bpj.2010.04.059
Nanostructure of the Fibrin Clot 2019strongly absorbed by water, near-vacuum conditions are
required for EM. Therefore, the EM measurements are
made on clots that have a large portion of their solvent
removed. Because the solvent content of fibrin fibers is nor-
mally at least 70%, EM measurements are probably more
closely related to the actual amount of protein in the fibers
rather than to the fibers’ actual size.Density of ﬁbers
Turbidimetry (11,14–16,26,27), light-scattering techniques
(25,28), and refractive index matching (29) have been used
to evaluate the protein concentration of the fibers in fibrin
clots. Results suggest that proteins make up, at most, 30% of
the volume of a fiber. Light-scattering experiments (25,28)
and experiments based on refractive index matching (29) sug-
gested that the protein concentration is strongly dependent on
the ionic strength, in contrast with results reported from
turbidity measurements (16). Until now, it has been difficult
to extract clear trends from data available in the literature.Nanostructure: Internal lateral structure
Few studies have attempted to study the internal structure of
fibers, especially from the experimental point of view. Some
of the most important results regarding this internal structure
come from theoretical studies by Hermans (30), Weisel (24),
and Yang et al. (3). Their three structural models are similar
and aim to explain the fact that the solvent content in fibrin
fibers is unusually large (80%). The most recent structural
model (3) shows a quasicrystalline order with a tetragonal
cell of 19 19 45nm,where a¼ 19nmcorresponds to twice
the distance between protofibrils and c¼ 45 nmcorresponds to
the length of a monomer. Experimentally, two recent investi-
gations advocate a random lateral structure (4,5), while two
small-angle x-ray scattering (SAXS) studies of fibrin films
seem to favor lateral crystal structures (2,31). The most recent
study (32) performed using small angle neutron scattering on
deuterated clots did not provide a clear description of the
internal structure of the fibers. Specifically, although the study
has a clear fundamental interest, the clots used in the experi-
ments were made using conditions that were far outside the
physiological regime. Very high ionic strengths (>1000
mOsm), very high fibrinogen concentrations (%70 mg/mL),
and very low thrombin concentrations (0.16 IU) were used.
Consequently, results based on fibers made under these condi-
tions are difficult to compare to those of studies concernedwith
quasiphysiological conditions. For example, the radii of the
fibers were found to be independent of the concentration of
fibrinogen. This is in plain contradiction with Ferri et al. (1).Objectives
As can be seen from this brief review, experimental data
concerning the internal nanostructure of fibrin fibers isscarce. However, it is clear that if accurate and physiologi-
cally relevant measurements of both the radius of the fibers
and their density were available, conclusions that are more
reliable could be reached. The first goal of this article is to
demonstrate how to extract this information reliably from
properly analyzed light spectroscopy data. The second goal
is to reach a realistic picture of a fiber’s structure in condi-
tions that are relevant from both biological and chemical
points of view.
After describing the sample preparation, we will show
how to link light spectra to fiber structure and then validate
the structural characterizations using small-angle light-scat-
tering (SALS) and dynamic light-scattering (DLS) data.
We will then explore the dependence of the internal structure
of the fibers upon the external reaction conditions.MATERIALS AND METHODS
Sample preparation
Human thrombin was purchased from Cryopep (Montpellier, France) as
a solution of 12 mL containing 366.4 IU. The material was diluted in nano-
pure water to a concentration of 0.4 IU/mL, then divided into 25-mL aliquots
and finally frozen at80C. Human fibrinogen was a generous gift from the
Laboratoire Francais du Fractionnement et des Biotechnologies (Les Ulis,
France). The lyophilized powder was dissolved in 100 mL of nanopure
water to a final concentration of 14.8 mg/mL, then divided into 1-mL
aliquots and finally frozen at 80C. Before use, thrombin and fibrinogen
aliquots were thawed to room temperature (25C) in a 37C water bath
for 5 min. Then the temperature was equilibrated at 25C for 15 min. Finally,
the aliquots were diluted in the appropriate buffered solution to twice the
desired final concentration. Clots were prepared from mixtures that typically
contained 0.1–1 mg/mL fibrinogen. Fibrinogen was activated using
0.1–1 IU/mL thrombin. Polymerizations were carried out in HEPES buffer
with varying NaCl concentrations. This yielded solutions with ionic
strengths ranging from 75 mOsm to 600 mOsm. Fibrin gels were formed
directly in 10-mm thick polystyrene cuvettes by mixing 1 mL of the fibrin-
ogen solution and 1 mL of the thrombin solution.Spectrophotometer
After 90 min, optical density measurements were made at 25C with a UV
mC2 single-beam scanning spectrophotometer (SAFAS, Monaco). The
wavelength ranged from 500 nm to 800 nm with a bandwidth of 10 nm
and an acquisition time of 0.1 s. Ten cuvettes were measured simulta-
neously.
The reference optical density was taken from a buffer measurement.Data analysis
Data reduction
Each data point in all the graphs represents numerous replicated clotting
experiments (at least 13 experiments, but typically 20 experiments). Each
data point and its standard deviation were calculated from these replicates.
The average mass/length ratio, m, and the average radius, a, of the fibrin
fibers were determined from the theoretical considerations of the next
section, using the following method. Plotting tl5 as a function of l2 gives
a straight line whose slope yields the mass/length ratio (m). The ordinate
at the origin gives the square of the average radius. For most polymerizationBiophysical Journal 99(7) 2018–2027
2020 Yeromonahos et al.conditions, plots of tl5 versus l2 could be fit with straight lines. This is in
agreement with our model. However, for ionic strengths >300 mOsm, the
spectra often showed peaks. All results shown below are calculated only
from data with a straight line trend.
Nanostructure parameters
A quantity often used to describe the fibrin fibers is the average number of
protofibrils per cross section. This is determined from m only by
Np ¼ m
m0
;
where m0 ¼ 144.1011 Da/cm is the mass/length ratio of a single protofibril
(16,25). This quantity does not provide information regarding the inside
packing of the fibers because it depends not only on the number of protofi-
brils but also on the size of the fiber. Several other quantities can be used to
describe this packing.
A particularly relevant quantity is the average distance between the pro-
tofibrils. This can be determined from the spectra measurements in the
following way. Fibers of radius a and protein mass concentration d are
made by n protofibrils packed at an average distance z from each other.
Each protofibril is thus at the center of a virtual cylinder of radius z/2,
the virtual cylinders being at best on a hexagonal lattice with a density of
fhex ¼ 0.9. The definition of packing is
fhex ¼
pz2
4
nd;
with nd as the number density of the cylinders. The quantity z is then
expressed as
z ¼
ﬃﬃﬃﬃﬃ
m0
d
r
:
Assuming a random packing fraction changes the result only by a few
percent, the average protein mass concentration in the fibers (d) is simply
determined from the mass/length ratio and the radius of the fibers as
d ¼ m
pa2
:
Small-angle x-ray scattering
Experimental details
Because we aimed to determine the nanostructure of the fibrin fibers, we per-
formed several small-angle x-ray scattering (SAXS) experiments at the ID02
line at the European Synchrotron Radiation Facility in Grenoble, France.
Two clots were formed at 1 mg/mL fibrinogen and 1 UI/mL thrombin in
the same buffer as above at an ionic strength of 300 mOsm. After quickly
mixing equal quantities of fibrinogen and thrombin solutions, this reaction
solution was injected into 1.5-mm diameter polycarbonate capillaries using
a sterile syringe. The clots were allowed to form for 90 min before SAXS
measurement. The sample/detector distance was set at 2 m for one sample
and at 10 m for the other. The acquisition time was set to 0.1 s so that no
radiation damage occurred. Ten points were scanned along the length of
the tube.
Data reduction
The acquired images were axisymmetric, indicating no preferential align-
ment direction of the fibers. The images were angularly averaged. The back-
ground noise was measured from the same tubes filled only with buffer and
was then subtracted from the averaged image. Finally, because no significant
variation was observed along the length of the tube, the 10 images were also
averaged.Biophysical Journal 99(7) 2018–2027THEORY: MODELING OF THE OPTICAL DENSITY
OF A FIBRIN CLOT
In this section, we first provide the rigorous definition of the
turbidity with respect to the optical density of a solution.
A quantitative expression for the model of the optical density
of a formed fibrin clot is then provided.Optical density and turbidity are generally
not proportional
As explained in the Introduction, taking turbidity measure-
ments of clots is a technique almost as old as the study of
clotting itself. Indeed, the terms ‘‘turbidity’’ and ‘‘optical
density’’ are often assumed to be different ways to denote
the same thing. For example, in their seminal article (181
citations to date), Carr and Hermans (16) wrote: ‘‘The
turbidity is, of course, equal to the ratio of optical density
to sample thickness multiplied by Ln (10).’’ As we will
now show, this is true only for very large dilutions and is
not true for most experiments on clot formation. The optical
density of a solution, D, is the intensity decrease of the trans-
mitted light in decimal logarithm units,
It
I0
¼ 10D:A or; D:A ¼ log

It
I0

; (1)
where I0 is the incident light intensity and It is the transmitted
(measured) light intensity. The quantity A is the sample
thickness in centimeters, so D is in units of cm1.
As long as the solid angle of the detector is small (which is
usually the case), the measured intensity is simply the inci-
dent intensity minus the total absorbed and scattered light.
Supposing for simplicity that absorption is negligible,
It ¼ I0  2p
Z p
0
Iq:sinq dq ¼ I0ð1 tÞ: (2)
The right-hand side of Eq. 2 defines the turbidity as
t ¼ 2p
Zp
0
Iq
I0
sinq dq:
Using Eqs. 1 and 2, for a standard thickness of one centi-
meter, we get
t ¼ 1 expðD:lnð10ÞÞ: (3)
Performing a Taylor expansion of ~1 in –D. ln(10) of Eq. 3,
one obtains
t ¼ D:lnð10Þ: (4)
This relation is the mathematical embodiment of the above
quote from Carr and Hermans, which is thus valid only
when t << 1. In other words, the relation t ¼ D. ln(10) is
an approximation that can be applied only in the limit of
vanishing optical densities or turbidities. However, this
Nanostructure of the Fibrin Clot 2021approximation has been used far outside its validity domain
(e.g., Carr and Hermans (16) and subsequent work), where
optical densities are commonly ~1. Equation 3 shows
a straightforward way of avoiding the use of the above Tay-
lor expansion because this equation allows calculation
without any approximation of the turbidity from the optical
density.Turbidity of a solution of randomly oriented ﬁbers
For a solution of randomly oriented fibers of long and thin
rods, the turbidity is (e.g., Carr and Hermans (16))
tl5 ¼ 2p3 C ns m

dn
dc
2
44
15

l2  184
154
p2 a2 n2s

; (5)
where N is Avogadro’s number, l is the incident wavelength
[cm], m ¼ mf/L with mf the protein mass in a fiber [Da] of
length L [cm] and radius a [cm], C the initial fibrinogen
mass concentration [g.mL1], and ns ¼ 1.33, dn/dc ¼
0.17594 cm3 g1 (33). As discussed in the Appendix, this
expression is valid for our experimental conditions whereas
the expression used by Carr and Hermans (16) is not.VALIDATION: COMPARISON OF DIFFERENT
SCATTERING MEASUREMENTS
Average radius
To check the method proposed in this article, we reproduced
experiments where the average radius of the fibers from
formed clots was measured using a specially developed
SALS setup (19). The results from our experiments together
with those of Ferri et al. (19) are presented in Fig. 1. There is
perfect agreement between the SALS measurements and the
light spectroscopy measurements. This agreement is even
more convincing when it is considered that each of our
data points represents an average of at least 15 clots while40
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FIGURE 1 Average fiber radius versus [Fg], IIa/[Fg]¼ 102, 300 mOsm.
(Solid circles) This article. (Open circles) Data from Ferri et al. (19).
(Shaded squares) Our data analyzed with the formula from Carr and Her-
mans (16).the SALS data represent a single clot. In contrast, if we apply
the formula of Carr and Hermans (16) to our raw data
(shaded squares in Fig. 1), the agreement is considerably
poorer. Even the trend is incorrect, as the radius seems to
decrease with the fibrinogen concentration.Number of protoﬁbrils
Although there have been several measurements of the
number of protofibrils (or the mass/length ratio) in the fibers
(e.g., (11,12,15,16,26,27,34), most of them are based on the
work of Carr and Hermans (16) and thus cannot be used to
further validate our modified procedures. An alternative
measurement of the number of protofibrils was made by
Papi et al. (28) using DLS, a technically different method.
Our measurements are similar to those in the study by Papi
et al. (28) although the fibrinogen concentration is not
precisely known in that study. The comparison shown in
Fig. 2 shows excellent agreement between the two methods.
We also compared our complete calculation and the approx-
imate calculation from Carr and Hermans (16). Below
300 mOsm, the difference is quite significant, amounting
to approximately a factor of two, while at higher ionic
strength the Carr calculation also yields the correct trend
and correct values. Finally, we calculated the number of pro-
tofibrils using the three formulae for the same data used to
generate Fig. 1. In Fig. 3, we see that while the estimate
from Carr’s original article fits well (this formula was only
used by Wolberg et al. (27)), the estimates using the simpli-
fied version (12) are too low by a factor of two.
In conclusion, the corrections to previous calculations of
fiber nanostructure provided in this article yield reliable
and robust results that agree quantitatively with both SALS
and DLS data. Furthermore, we show that the light spectros-
copy method is able to provide, simultaneously, the average
radius of fibers and the average number of protofibrils inside
those fibers. We will now use this method and SAXS1
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FIGURE 2 Average number of protofibrils in the fibers versus the ionic
strength ([Fg]¼ 1 mg/mL, IIa 1 UI/mL). (Solid circles) This article. (Shaded
squares) Carr complete formula. (Open circles) Papi et al. (28). (Shaded
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2022 Yeromonahos et al.measurements to explore the nanostructure of fibrin clots
under varying conditions.NANOSTRUCTURE OF FIBRIN CLOTS
The structure of formed fibrin clots is known to depend on
many factors including thrombin and fibrinogen concentra-
tions, ionic strength and content, etc. To better understand
and ultimately model the interplay between these factors
and fibrin polymerization, we choose to simplify the factors
as much as possible. In particular, the first (enzymatic) step is
well understood and has better models associated with it
compared to the subsequent aggregation.1.E-04
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FIGURE 4 SAXS spectrum of two clots in the same reaction conditions in
logarithm scale (IIa: 1 UI/mL, [F]: 1 mg/mL [F], 300 mOsm). (Arrows) Main
features of the internal structure of the fiber.The catalytic range
This first step is a double enzymatic reaction where the fibri-
nopeptides A and B are cleaved at different rates (35,36).
Neglecting the influence of fibrinopeptide B, the generation
of a fibrine monomer can be described formally by the
Briggs-Haldane equation,
dS
dt
¼ k2ET
1 þ ET
S
þ Km
S
; (6)
where S ¼ Sþ C is the total quantity of unreacted fibrinogen
(37), and k2 and Km are the reaction constants. Because this
equation can demonstrate complex behaviors, we choose to
stay in the regime where ET=S  1 and Km=S[1, a regime
that simplifies the above equation into the usual form:
dS
dt
¼ k2
Km
ETS: (7)
As the above conditions concern only the total remaining
substrate, it is sufficient that we satisfy the conditions only
at the start of the experiments. We thus fix S/E ¼ 100.Biophysical Journal 99(7) 2018–2027In the next section, we first discuss the results from two
SAXS measurements taken under a single condition within
this catalytic regime. This will give us a framework to
discuss subsequent results.Nanostructure from SAXS spectra
The two spectra obtained for the same clotting conditions
(IIa: 1 UI and [Fg] ¼ 1 mg/mL) at two distances (2 m and
10 m) are merged and shown as a single curve in Fig. 4.
The good superposition in the overlapping domain in
Fig. 4 indicates that there is high experimental reproduc-
ibility (no shift was applied to the curves).
The shape of this spectrum (Fig. 4) is similar to the shapes
of spectra obtained by Missori et al. (31) and Weigandt et al.
(32). The data span 2.5 decades of q, from 0.02 nm1 to
3 nm1, corresponding to a scale that ranges from 300 nm
to 2 nm. This spectrum thus complements the SALS spec-
trum of Ferri et al. (18). At a scale of 80 nm, we observe
a curvature change. This is likely indicative of a transition
to the larger scale fractal structure as found by Ferri et al.
(18) and Weigandt et al. (32). The change should occur at
a wavelength that is close to the average radius of the fibers.
Indeed, 80 nm is close to our spectroscopically determined
radius of 75 nm. At smaller q, the curve is similar to the
solvent-fiber Porod regime found by Weigandt et al. (32).
Concerning the nanostructure of the fibers, three sharp peaks
and twobroad peaks are found inFig. 4.Because the half-width
of the sharp peaks yields a coherence length of 300 nm, these
peaks are related to the fibers’ longitudinal structures.
Longitudinal structure
The first sharp peak in Fig. 4 lies at q ¼ 0.282 nm1, which
translates to the usual longitudinal periodicity of 22.25 nm.
The second peak lies at q ¼ 0.849 ¼ 3 * 0.282 nm1, which
is exactly three times the wavenumber of the main period-
icity. The last peak is located at q ¼ 1.127 nm1. This
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Nanostructure of the Fibrin Clot 2023peak may be the fourth harmonic q¼ 4 * 0.282¼ 1.13 of the
22.25-nm fundamental. It may also correspond to the second
periodicity found in the micrographs from transmission elec-
tron micrography (e.g., Weisel (24)). The presence of these
three well-defined, sharp peaks with large coherence lengths
(300 nm) indicates that the 22.25-nm periodicity is a very
strong geometrical feature of the fibers.
Lateral structure
Because SAXS is mainly sensitive to the mass distribution, if
the fibers’ lateral structure is crystalline with a basic cell,
Bragg peaks at q vectors corresponding to those distances
would be present. Further, the half-width of these Bragg
peaks would correspond to the diameter of the fibers
(38,39). In contrast, the additional peak observed between
12 nm and 6 nm in Fig. 4 is quite broadwith a small coherence
length (between 10 and 30 nm). This peak is much smaller
than the average radius of the fibers (75 nm in this case).
A second, smaller broad peak is observed. This peak extends
from 22.25 nm to 15 nm. Its position corresponds roughly to
the sharp peak observed by Torbet et al. (39) on oriented fibrin
fibers and to the broad peak noted in the unoriented clots
observed by Missori et al. (31). This broad peak cannot be
the fundamental of the first broad peak, as the 12–6-nm broad
peak has a greater intensity and the range of q extends below
the third harmonic of 22.25 nm. Both of these broad peaks
likely correspond to a partial ordering of protofibrils inside
fibers. If this is the case, then these protofibrils would be sepa-
rated by distances of ~8–10 nm and 15–22.5 nm. This is in
agreement with the average protofibril-to-protofibril distance
(8 nm) and cell periodicity (19 nm) taken from the structural
models of Yang et al. (3) and Weisel (24).
A complementary interpretation of this structure arises if
the possibility is considered that the baseline drawn in
Fig. 4 between q ¼ 0.14 nm1 and q ¼ 2 nm1 represents
the underlying lateral structure. In this case, the lateral struc-
ture would be fractal with a dimension of 5/3. This interpre-
tation is in agreement with the work of Guthold et al. (4),
who used very different methods to deduce the existence
of an internal fractal structure.
In conclusion, our tentative interpretation of the above
SAXS spectra demonstrates a longitudinal periodicity corre-
sponding to the well-known, half-staggered periodicity of
22.25 nm. On the other hand, the broad peaks observed for
sizes between 6 nm and 19 nm appear to be related to the
lateral nanostructure of the fibers. Under these conditions
([IIa] ¼ 1 UI; [Fg] ¼ 1 mg/mL), the protofibril arrangement
may be interpreted as a crystal with many holes or as a fractal
structure. These are two different views of the same structure.0 0.2 0.4 0.6 0.8 1
[Fg] (mg/ml) Th/Fg=1:100
FIGURE 5 Average fiber radius in the catalytic regime versus [Fg] under
ionic strength of 300 mOsm (solid circles) and 75 mOsm (open circles).
(Inset, graph) Average number of protofibrils per cross section under the
same conditions.Nanostructure from light spectroscopy: internal
lateral structure
The SAXS results were obtained under a single condition.
The analysis yielded strong indications that there isa disjointed inner structure of fibers. Although these results
are promising, they must be confirmed and expanded upon
using a different method. We will now explore the influence
of the reaction environment (fibrinogen concentration and
ionic strength) on the nanostructure of clots using the
light-spectroscopy method.
Fibrinogen concentration at [Th]/[Fg] ¼ 1/100
The average fiber radii measured at different fibrinogen
concentrations and for two different ionic strengths are
shown in Fig. 5.
At both 300 mOsm and 75 mOsm, the average radius is an
increasing, almost linear, function of the fibrinogen concen-
tration. This is in perfect agreement with the results of Ferri
et al. (18). There is little variation in the number of protofi-
brils per cross section for fibers made with different concen-
trations of fibrinogen (inset graph in Fig. 5). The number of
protofibrils appears to be mainly controlled by the ionic
strength. There are more than twice as many protofibrils at
75 mOsm than there are at 300 mOsm (also see the next
section). To better understand this result, the average
distance between the protofibrils is plotted in Fig. 6. This
figure indicates that the average distance increases propor-
tionally with the fibrinogen concentration. The distance is
larger for higher ionic strengths. This result is incompatible
with a pure quasicrystalline structure in which the average
distance between protofibrils would remain constant. If the
fibers were crystalline, the number of protofibrils would
simply be the number of protofibrils per unit cell multiplied
by the number of unit cells in the fiber:
Np ¼ pr2=Surfacecell:Npcell:
This number would thus increase as the square of the radius
of the fibers. For instance, using the model of Yang et al. (3),
a crystalline fiber of 83 nm radius formed at Fg ¼ 1 mg/mL
and 300 mOsm would have 240 protofibrils packed inside ofBiophysical Journal 99(7) 2018–2027
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FIGURE 6 Average interprotofibril distance versus [Fg] in the catalytic
regime under ionic strength of 300 mOsm (solid circles) and 75 mOsm
(open circles). (Inset) Protein content versus [Fg]. The bold line corresponds
to the density predicted by the model of Yang et al. (3).
2024 Yeromonahos et al.it, whereas only 130 are found. This is nearly a 50%
difference. The protein content inside the fibers is plotted
in the inset of Fig. 6. We find that at physiologically relevant
ionic strength, the highest fiber densities are approximately
20% (80% solvent content). This agrees with Carr and Her-
mans (16) as well as with the different structural models
(3,24,30).
To rationalize this result, we propose the following modifi-
cation of themodel ofYang et al. (3). First, in Fig. 7a, we show
a schematic representation of the nanostructure of a hypothet-
ical fiber of radius 40 nm, following the model proposed by
Yang et al. (3). Thedark objects are in the plane of observation,
whereas the light ones are 22.5 nm below it. According to the
model of Yang et al. (3), such a fiber of 40-nm radius contains
~60 protofibrils. The density of this fiber corresponds to that
formed at [Fg] ¼ 0.2 mg/mL, 300 mOsm.
In Fig. 7 b, 25% of the protofibrils have been removed.
This corresponds to the density fibers formed under condi-
tions of [Fg] ¼ 0.5 mg/mL and 300 mOsm. Already,
a disjointed picture of fibril nanostructure is appearing. If
50% of the protofibrils are removed, a structure is obtained
that resembles the one drawn in Fig. 7 c). This corresponds
to the density of fibers observed under conditions of 1 [Fg]
and 300 mOsm. In this figure, a fairly clear fractal mesh is
observed. As a final indicator, the average protofibril-proto-
fibril distance at very low concentrations seems to converge
to a value of 8.5 nm (see Fig. 6), a value that is close to thea b c
Biophysical Journal 99(7) 2018–2027distances calculated in the model of Yang et al. (3). These
findings can be interpreted if we use a framework in which
the lateral structure of fibers is locally crystalline, but
contains a large number of holes that increase with the fibrin-
ogen concentration. Visually, this structure looks very much
like that of a fractal network.
Finally, the reader may have observed that the density of
the fibers at 75 mOsm is twice as large as the density at
300 mOsm (inset of Fig. 6) and that the average distance
at very low concentrations converges to a lower value of
7.5 nm. It appears that the ionic strength of the environment
strongly influences the nanostructure of the fibers. We will
now investigate this more closely.
Ionic strength, [Fg] ¼ 1 mg/mL and [IIa] ¼ 1 UI/mL
To further examine the influence of the reaction environment
on the fibers nanostructure, experiments were performed at
several ionic strengths with constant [Fg] ¼ 1 mg/mL and
[IIa] ¼ 1 UI/mL. These values are in the catalytic range.
We first plot the evolution of the radius and the number
of protofibrils per fiber cross section. The data for the pro-
tofibril numbers are the same data that were successfully
compared to the results of Papi et al. (28) (see Number of
Protofibrils).
We first observe in Fig. 8 that the number of protofibrils
decreases as a function of the ionic strength. Above
400 mOsm, only a very small number of protofibrils are
found in the fibers, which is in agreement with the works
of Hantgan and Hermans (21) and Papi et al. (28). By plot-
ting the evolution of the radius and the interprotofibril
distance of these fibers as functions of the ionic strength
(Fig. 9), a clear picture of the internal structure of the fibers
can be drawn. Indeed, at high ionic strength (400 mOsm), the
fibers are composed of only one or two protofibrils but their
radius remains above 50 nm and the interprotofibrils distance
is even larger (55 nm). This suggests that a dramatic struc-
tural transition occurs at an ionic strength close to
400 mOsm. Because the fibers are composed of only one
or two protofibrils when the ionic strength is so high, they
likely form a twisted, ladderlike shape. Conversely, at low
ionic strengths, more protofibrils are present inside the fibers.
Similarly, for decreasing ionic strength, the radius increases
from 62 nm to 100 nm while the interprotofibril distance
regularly decreases from 22.5 nm to 10 nm. In other words,FIGURE 7 Schematic of the internal structure of
a fibrin fiber of diameter 75 nm using the model of
Yang et al. (3). (a) Crystalline structure with
a number of protofibrils of 60 (maximum possible
density). (b) Structure with 25% of protofibrils
removed with respect to panel a. (c) Structure
with 50% of protofibrils removed with respect to
panel a. This corresponds to the highest density
measured with light spectroscopy.
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FIGURE 8 Average number of protofibrils and protein mass concentra-
tion versus the ionic strength. [Fg] ¼ 1 mg/mL and [IIa] ¼ 1UI/mL. (Inset)
Evolution of the protein concentration.
Nanostructure of the Fibrin Clot 2025as the fibers become larger because of decreased ionic
strength, they also become increasingly dense. Incidentally,
because the total initial number of monomers is constant in
each trial, the total length of fibers must decrease. One
way this can occur is if the fractal dimension of the network
formed by the fibers decreases. This hypothesis is supported
by qualitative observations of Papi et al. (28).CONCLUSION
We have shown that the correct analysis of spectrometric
data obtained from formed clots allows the simultaneous
determination of the average radius and density of the fibrin
fibers present in the clot, in excellent agreement with SALS
and DLS results. This spectrometry complements existing
data and allows us to draw a clearer picture of the fibrin
fibers’ structure. Using this corrected method, we show the
major role played by the ionic strength of the solution in
forming the nanostructure of the fibers.
Using this technique, we find that at ionic strengths
<400 mOsm, fibers have a disjointed structure with a local
crystalline arrangement. This picture is supported by0
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FIGURE 9 Average radius and interprotofibril distance versus the ionic
strengths. [Fg] ¼ 1 mg/mL and [IIa] ¼ 1 UI/mL.SAXS spectra suggesting that this lateral internal structure
may even be a two-dimensional fractal. A dramatic structural
change is observed for ionic strengths >400 mOsm, above
which the fibers seem to be composed of only one ladderlike,
twisted structure.
Finally, it is worth noting that the clot characterizations
proposed in this study are not proposed in qualitative terms
(e.g., thin or coarse), but in quantitative terms using easily
understandable quantities such as the fibers’ average radius
and density. As such, the approach proposed here may be
an excellent medical tool.APPENDIX: VALIDITY OF APPROXIMATIONS
Several approximations were used to obtain Eq. 5. First, the
optical index ratio between the particles and their suspending
medium must be sufficiently small (the Rayleigh-Gans-De-
bye approximation). Further, the fiber radius must be suffi-
ciently small with respect to the wavelength and the length
must be sufficiently large with respect to the wavelength.
Finally, the concentration must be sufficiently small that
the structure factor can be neglected. To check that the calcu-
lations are consistent and can be applied to formed clots, we
review here the validity of these approximations in detail.Rayleigh-Gans-Debye approximation
By comparing the Rayleigh-Gans-Debye approximation
with that of Shifrin (from Bishop (40)), we determined that if
ma ¼ mp
ms
;
the ratio of the index of refraction of the particle mp to the
index of refraction of the surrounding medium is close to
1, i.e., the Rayleigh-Gans-Debye approximation is valid.
Because fibrinogen is a protein, according to Ferri et al.
(1), ma x 1.05 (mean 5 SE ~1%).Asymptotic expansions: long and thin rods
with respect to the wavelength
For several values of l, a, and L, the approximated integrals
were calculated numerically. If higher-order terms are ne-
glected, Eq. 5 will yield <10% error. This is valid as long
as the average fiber length is>800 nm and the average radius
of the fibers is <100 nm. Experimentally, the average length
of the fibers cannot be determined using this method.
However, it is well known that the fiber lengths are usually
~10 mm, i.e., much larger than the minimum length required
for the model to be applicable.Structure factor
In our calculations, the structure factor, S(q), was neglected.
To evaluate this approximation, we used the completeBiophysical Journal 99(7) 2018–2027
2026 Yeromonahos et al.multiscale fractal model of the fibrin clot build and applied it
to the light-scattering data of Ferri et al. (18). In this model,
the structure factor is given by
SðqÞ ¼ 1  eð0:28LqÞ2 with L ¼ fiberlenth ½cm and q
¼ wave vector cm1:
In our setup, the equivalent wave-vector range varies from
qmin ¼ 2p
lmax
¼ 7:9$104cm1 to qmax ¼ 2p
lmin
¼ 1:3$105cm1:
As a consequence, S(q)¼ 1. In other words, because of the
accessible range of wave vectors, the large-scale structure
does not influence the measurements. Thus, the structure
factor is indeed negligible.Inappropriate approximation in Carr and Hermans’
work
To obtain an expression that is suitable for determination of
the radius and the mass/length ratio, Carr and Hermans (16)
use the following series expansion (Eq. 6):

1 184
154
p2n2
a2
l2
1
¼

1 þ 184
154
p2n2
a2
l2

:
Because clots were scanned from 400 nm to 800 nm and the
fiber radius is x70 nm, this Taylor expansion is not valid.
However,when this expansion is added to the previous approx-
imation, it produces plots of 1/tl3 as a function of 1/l2 that are
straight lines. It also produces a very small intercept at the
origin—which suggested that the influence of the radius on
the curves is small and can be neglected. As we see in the
Conclusion, the correct calculation shows that this is not true.Polydispersity
In all calculations, the form factor is first averaged over all
directions. Then it is averaged over the whole measurement
volume. This yields the mass concentration dependence.
Thus, the size and density parameters are volume-averaged
parameters.
We thank J. Oberdisse, E. DiCola, and Y. Rharbi for their kind help in
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